Introduction
Hand, foot and mouth disease (HFMD) is a common illness of infant and children. HFMD is caused by enteroviruses from the family called Picornoviridae. It is most commonly caused by Coxsackie virus (A16), human enterovirus (HEV71) or other enteroviruses including Coxsackie virus A (CAV) 4, 5, 9 and 10 or Coxsackie virus B (CBV) 2 and 5 [1, 2, 3] .
Recent outbreak of HFMD in countries such as Taiwan, Western Australia and Singapore had brought the world attention to HFMD due to complications of death related cases. [4, 5] researched on HFMD in Taiwan and [3] did a phylogenetic analysis in Western Australia, Singapore and Malaysia on HEV71 while [6, 7] studied HFMD in Singapore. Most of the existing studies on HFMD are of clinical aspects.
Study done by [1] on HFMD in Sarawak revealed that Sarawak has been experiencing outbreak of HFMD once every three years since 1997 and predicted that an outbreak would occur in 2006. The outbreak did occur in 2006 and health authorities in Sarawak confirmed this revelation as mentioned in [8, 9] .
The outbreak in 2006 resulted in 13 deaths and 14,423 children infected.
Besides that HFMD outbreak also caused social welfare and economic problems in Sarawak. In order to reduce the spread of HFMD, all child day-care centres, kindergarten and primary one to primary three classes were ordered to be closed for two weeks in 2006 [10, 11] . The closure had caused problems for working parents who had to find alternative in caring for the children that were affected by the closure. Parents were requested to keep the children indoor and away from any crowded places such as supermarket and playgrounds.
It can be seen that HFMD not only caused health problems but also social and economical problems which are not easily quantifiable. So it is important to understand the spread of HFMD using mathematical model. Using the model we can predict the spread of HFMD in terms of number of infected and the duration of the outbreak. This will enable policy makers to take effective measures to curb the spread and reduce the effect of the disease.
In the following section we will describe the clinical characteristic of HFMD. This is followed by the formulation of the mathematical model that is going to be used to predict the spread of HFMD. In section four, we will present the numerical results that were obtained and finally we discuss a threshold value which is sometimes known as the basic reproduction ratio that controls the spread of the disease. and at any time during the year in tropics countries. In recent years, countries such as Taiwan, Singapore and Malaysia experienced HFMD outbreak that resulted in multiple deaths due to complications with HFMD. In Malaysia HFMD is an endemic that occurs every year in Sarawak especially from February to June. Sarawak has been experiencing the outbreak of HFMD in 1997, 2000, 2003 and 2006 . The next predicted outbreak will be in the year 2009 [8] . The recorded number of person infected and the number of deaths for each outbreak is tabulated below. 
Clinical characteristics
The following clinical characteristics of HFMD are summarized from the multiple studies done by [1, 9, 12] on HFMD. The warning issued by the health authority stated that the susceptible are the children below the age of ten years [9] .
A person who is exposed to HFMD viruses will exhibit the symptoms after three to seven days. This is considered the incubation period of HFMD. Fever is usually the first symptoms of HFMD followed by poor appetite, malaise and sore throat. One or two days after the fever begins, small red spots develop in the mouth that blister and often develop into ulcers. These are mostly found on the tongue, gums and inside of the cheeks. The skin rash develops over one or two days with flat or raised red spots, some with blisters on the palms of the hand and the soles of the feet. Thus, the name of the disease is hand, foot and mouth disease (HFMD). A person with HFMD may some time have only the rash or the mouth ulcers.
HFMD is considered highly contagious among children. A person is most contagious during the first week of the illness. As the viruses are present in the throat and stools of an infected person, infection generally occurs via the faecal-oral or via contact with skin lesions and oral secretions. The virus may continue to be excreted in the stools of infected persons up till one month. The spread of the virus does not involve any vectors.
At the moment there is no specific antiviral drug to cure HFMD. There is also no vaccine available for the treatment of HFMD. Infected person is usually given medication to provide relieve from the pain caused by fever, aches or mouth ulcers. Victims are asked to take plenty of liquid. An infected person will fully recover after 7 to 10 days.
There is no permanent immunity against HFMD as the disease is caused by a group of viruses much like the case of flu. A person who recovered from the HFMD caused by Coxsackie A is susceptible to HFMD caused by enteroviruses 71 or any other enteroviruses.
2.2
Related works [13] used the SIR model to analyze the association between the weather and the occurrence of enterovirus complicated severe cases in Taiwan. The model is based on transformation function of seasonal factors that determines the transmission coefficient. [14] attempted to establish nonlinear mathematical models in order to simulate the incremental effects of global warming on HFMD incidences in Tokyo. The two models tried to find the relationship between the outbreaks of HFMD with the weather patterns in the respective countries.
In Sarawak, a few studies had been done on HFMD. Most of them focussed on the clinical and pathological [12] together with the virological and molecular [15] aspect of HFMD. The studies did not reveal anything regarding the transmission coefficient and the immunity against HFMD. However, the study done by [12] revealed that the victims of HFMD were between the ages of 0.5 to 5.9 years with the mean of 1.7 years. Study done in [1] revealed that the victims were between the ages of 18 days to 155 months with the mean of 32.2 months. Even though the result may suggest that the susceptible group might only be children below the age of four or younger, we still maintain the susceptible group as children below the age of ten.
Mathematical modelling
Owing to the severity of HFMD outbreak in Sarawak, it is important to formulate a mathematical model to better understand the dynamics of the disease. These will enable a better decision making for the health policy makers.
Formulation of the model
The objective of the study is to build a simple deterministic model based on SIR model for HFMD in Sarawak. As [16] puts it, although a simple epidemic model is oversimplified, it is reasonable to deal with simpler problems first. Furthermore, the knowledge gained from building the simple model will prove to be useful in extending to a more complicated and realistic model.
Based on the characteristics of HFMD, the SIR model is adopted to model the spread of the disease. Slight modifications were made on the SIR model to describe the behaviour of the disease as interpreted from the clinical studies of the disease.
The compartmental model that describes the population dynamics of the HFMD is shown below. The parameters that are used in the model: α is the natural birth rate; β is the transmission coefficient; γ is the rate at which an infectious individual recovers per unit time; δ is the rate at which a recovered individual lose its immunity; µ 0 is the rate of natural death; and µ 1 is the rate of death caused by the disease.
From the model, the population is divided into three classes known as the susceptible (S), the infected class (I) and the recovered (R). The susceptible class increases through the natural birth and also through the recovered individuals who have lost their immunity against HFMD. At the same time the susceptible class decreases through natural death and moved to the infected class when a susceptible person is infected with the disease. The number of infected individuals at a particular time is the product of transmission coefficient with the number of susceptible and the number of infected. As HFMD has an incubation period of three to six days which is considered short, this duration is ignored [17] . Thus, in the model, a person infected with the virus will automatically become infective and capable of transmitting the disease to the susceptible.
After a period of time, the infected will either be removed from the infected class due to death caused by HFMD or recovered. This is known as the rate of recovery. For HFMD, an infected person will be fully recovered in seven to ten days. Taking the mean of the duration [18] we assumed that the recovery rate is 8.5 days. An individual will attain a short immunity from HFMD after recovery. Once the immunity is loss, the individual returns to the susceptible class once more and is capable of being infected again. This is called the loss of immunity rate.
The proposed model above is based on the following assumptions:
• That individuals are uninfected at birth; • That newly infected hosts can transmit the disease immediately; • There is no intervention to prevent the disease from spreading; • The susceptible group is made up of children below the age of ten years old; • Individuals are mix at random within the population (homogeneous); • Age and sex of the individuals are not crucial variables; • That infections occur randomly in proportion to the density of susceptible and infected individuals and the transmission coefficient; β .
• The model is deterministic since all the parameters are of constant values.
From the compartmental model in figure 1 , the system of differential equations can be formulated using balance law as follows:
Parameters
The system of equations (1) - (3) governs the dynamics of the spread of HFMD. As anticipated, the system is coupled nonlinear ordinary differential equations. The fastest way to solve such system of equations is through numerical solution. In order to run such simulation, the parameters above need to have values. We will use the model to predict the number of infected and the duration of the outbreak for the year 2006. The parameter values for natural birth rate; α , natural death rate; µ 0 and death rate due to HFMD; µ 1 for 2006 are obtained from [19, 8] As HFMD is caused by a group of enteroviruses, a person who recovers from HFMD does not incur permanent immunity. [9] stated that infection will result in immunity to the specific virus, but a second episode may occur following infection with a different virus belonging to the enterovirus group. In [13] the researchers assume the loss of immunity is 1 day. However, after running several simulations we found that the loss of immunity may be more than 1 day and the value for the transmission coefficient; β is assumed to be 0.00015. The simulations mentioned above are not included in this paper due to space constraint. Using the explanation given in [20] for determining the rate of recovery; γ and the rate for the loss of immunity; δ and using a week as per unit of time, then the parameter values chosen are 
Numerical method
As mentioned earlier, the governing equations are nonlinear and will be solved numerically. The built-in function in MatLab for solving such system of equations is used. It is based on the fourth-order Runge-Kutta method.
Initial values
For the numerical method to work, the initial values for the populations S, I and R are required. Therefore, the following explains the values chosen for the simulation results.
As children under the age of ten years old were the most vulnerable group [9] , we assume that the susceptible is this group of children. Based on [19] the number of susceptible would be 550,700. However, Sarawak is a big state with an area of 124,449 square kilometres [21] and the population dispersed throughout the state. Due to the fact that majority of the population are still staying in the rural areas, we lowered the initial value of the susceptible class to S = 10,000. The initial value for I = 4 as that was the number recorded at the start of the 2006 outbreak. The initial value of R = 0 as no one has recovered at the start of the simulation. Figure 2 shows that HFMD is highly infectious based on the gradient of the susceptible curve. From around week 8 to week 12 HFMD had infected more than half of the whole population. This may be the possible result as the prediction assumed that no interventions were taken to curb the spread of the disease. The outbreak reached its peak in about ten weeks. The duration for the outbreak is about 20 weeks. From the result, it can be concluded that fast and effective actions have to be taken by health authorities and policy makers in order to reduce the spread of HFMD. It is observed that the model is able to predict quite accurately the number of infected cases during the first ten weeks. After ten weeks the number of predicted cases is more than the actual number of reported cases. This is due to the nature of the model which is to predict the number of infected persons assuming that no prevention or intervention steps are taken to curb the spread of the disease. Furthermore, there are chances that not all the cases of HFMD were reported. Some of the cases were not referred to the authority and therefore were not included in the report. It is also observed that the model predicted a second minor wave of outbreak.
Results

The threshold value
Modelling the spread of the disease will not be complete without studying the threshold value. The threshold value is important in order to identify the ways to curb the spread of the disease.
According to [22] , the threshold value or the reproductive ratio for SIR model is 
which takes into account the natural birth, natural death and death due to disease including the loss of immunity. R 0 is defined as the number of secondary infections caused by a single primary infection. It determines the number of people infected by a single infected person before his death or recovery. [23] explains clearly how R 0 is derived and its meaning. An infected person will infect less than one person before dying or recovering, when R 0 < 1. When this happens, the spread of the disease will phase out. When R 0 > 1, an infected person will infect more than one person, so the epidemic will spread and eventually becomes an outbreak. When R 0 = 1, the epidemic will become an endemic in the population as every infected person will infect one person before recovering. Letting R 0 = 1 and rearranging the equation the threshold value can be obtained as 
[22] called N T as the disease's threshold hostpopulation density. If the initial susceptible is below this threshold value there will be no outbreak predicted. The value is known as the minimum concentration required by the disease for an outbreak to occur. Solving N T by using the value from previous section result in N T = 5,490. When S is initialized as 5,490, the model did not predict any outbreak of the disease. From this it can be said that S is an important parameter that can be used to control the spread of the disease. This is also proven in year 2006 outbreak. The closure of all nurseries, kindergartens and primary one to primary three and by confining the children at home had greatly reduced the value of S. These actions were successful in curbing the outbreak of HFMD in that year.
Conclusion
The HFMD model built from this study is just a simple model to predict the number of infected and the duration of an outbreak if it happens. From the HFMD model it can be seen that HFMD is very contagious and action need to be taken quickly to control the spread. The value for S needs to be controlled in order to curb the spread of HFMD, It should be stressed here that the HFMD model is only as accurate as the data that we have used to build the model. Due to lack of data regarding the transmission coefficient; and the rate for the loss of immunity; , we can only use estimated values. Because of that, the results obtained from the model may not be that accurate. However we do hope that the authorities concerned can look into the use of this model in the next outbreak when it happens.
